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Fenton-driven chemical oxidation of methyl tert-butyl
ether (MTBE)-spent granular activated carbon (GAC) was
accomplished through the addition of iron (Fe) and
hydrogen peroxide (H,0,) (15.9 g/L; pH 3). The Fe concentration
in GAC was incrementally varied (1020—25 660 mg/kg) by
the addition of increasing concentrations of Fe solution (FeSQ4*
7H,0). MTBE degradation in Fe-amended GAC increased
by an order of magnitude over Fe-unamended GAC and H,0,
reaction was predominantly (99%) attributed to GAC-
bound Fe within the porous structure of the GAC. Imaging
and microanalysis of GAC particles indicated limited
penetration of Fe into GAC. The optimal Fe concentration
was 6710 mg/kg (1020 mg/kg background; 5690 mg/kg amended
Fe) and resulted in the greatest MTBE removal and
maximum Fe loading oxidation efficiency (MTBE oxidized («g)/
Fe loaded to GAC(mg/Kg)). At lower Fe concentrations,
the H,0, reaction was Fe limited. At higher Fe concentrations,
the H,0, reaction was not entirely Fe limited, and reductions
in GAC surface area, GAC pore volume, MTBE adsorption,
and Fe loading oxidation efficiency were measured. Results
are consistent with nonuniform distribution of Fe, pore
blockage in H,0, transport, unavailable Fe, and limitations
in H,0, diffusive transport, and emphasize the importance
of optimal Fe loading.

Introduction

Removal of methyl ferz-butyl ether (MTBE) from water and
subsequent destruction can involve the combined, synergistic
use of tworeliable and well-established treatment technologies—
adsorption onto granular activated carbon (GAC) and Fenton-
driven oxidation. MTBE is transformed by hydroxyl radicals
(*OH) and other possible reactive species generated during
the reaction between H,0, and iron (Fe) immobilized in the
GAC. The objectives of the treatment process are to transform
adsorbed contaminants into less toxic byproducts, re-
establish the sorptive capacity of the carbon for the target
chemical(s), increase the useful life of the GAC, and reduce
costs for GAC regeneration and water or air treatment.
Fenton’s mechanism has been used to regenerate acti-
vated carbon loaded with various environmental contami-
nants: municipal wastewater (I); dimethyl phthalate (2);
trichloroethylene (TCE) (3); 2-chlorophenol (4); chlorinated
organics (chlorobenzene, tetrachloroethylene, chloroform,
1,2-dichloropropane) (5), N-nitrosodimethyl amine (6); and
methyl tert-butyl ether (MTBE) (7). The most significant
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carbon regeneration was measured when the activated
carbon was amended with Fe prior to or during Fenton-
oxidation regeneration (4—7) which underscores the con-
tribution of Fe to achieve the treatment objectives.

Commercially available GAC contains varying quantities
of Fe, depending on the raw materials and on the process
used to activate the carbon. Bituminous- and lignite-based
GAC contain more Fe than wood- or coconut-based GAC.
Additionally, strong chemical oxidants such as phosphoric
acid, used during the activation of some carbons can leach
metals from the carbon material, thus lowering the Fe
content.

It is anticipated that amendment of Fe to GAC will be
required in all cases to successfully facilitate the Fenton
reaction and to achieve carbon regeneration treatment
objectives. Neither the relative contributions of soluble and
GAC-bound Fe nor the optimal Fe concentration on the GAC
have been previously established. Insufficient Fe loading may
prevent adequate Fenton-driven oxidation of the contami-
nant and prevent successful GAC regeneration treatment.
Excessive Fe loading and pore blockage may interfere with
contaminant access and H,O, transport to internal pores
and sorption sites.

The objective of this study was to optimize the Fe loading
on GAC. Despite the high solubility and low sorptive
characteristics of MTBE, carbon adsorption is often selected
to remove MTBE from water and can be more cost-effective
than air stripping (8). The low affinity between MTBE and
activated carbon, and the corresponding high carbon usage
rates suggest MTBE is a good candidate for the adsorption/
oxidation technology investigated here. The rate constant
for the reaction between *OH and MTBE is high (1.6 x 10°
L/mol-s) (9), indicating that MTBE is vulnerable to radical
attack and transformation in a Fenton system.

Materials and Methods

The GAC used in this study (URV) was supplied by Calgon
Carbon Corp. (Pittsburgh, PA). URV is a bituminous-coal-
based, 8 x 30 mesh carbon derived from the same starting
raw material as commercially available GAC, but was steam
activated in a manner designed to minimize H,O, reactivity
(10). The as-received GAC was liberally rinsed with deionized
(DI) water, dried at 105 °C, and stored in a desiccator at
room temperature until used.

Fe Amendment, MTBE Adsorption, and Oxidative Treat-
ment The order of experimental procedures was Fe amend-
ment, MTBE adsorption, and oxidative treatment with H,O,.
Ferrous sulfate (FeSO,-7H,0) was dissolved (20.6 g/L (n =
4) as Fe) into DI water. Fe amendment to GAC was carried
out by suspending 5 g GAC in 15 mL of Fe solution (0—16.5
g/L Fe). Acidic conditions (pH 2.5) were maintained with
dilute H,SO, to maintain soluble Fe in the GAC suspension.
A 4-day contact period provided sufficient time for Fe
diffusion into the porous structure of the GAC. Subsequently,
the pH was raised (pH 3.0) using dilute NaOH. The solution
was analyzed for Fe (n = 2) and decanted. The term aqueous
Fe ([Felaq) refers to the soluble + colloidal particulate in
solution and GAC-bound Fe refers to the Fe anchored to, or
immobilized within the GAC.

Adsorption was carried out in batch mode by amending
MTBE solutions (0.12 L, 1.88 mg/L) to 5 g of GAC (>7 day
contact time) contained in 10 parallel reactors. MTBE
adsorption and MTBE oxidation were carried out in Erlen-
meyer flasks wrapped in aluminum foil and covered with
Parafilm. Pre- and post-adsorption aqueous samples were
analyzed to quantify the mass of MTBE sorbed. Oxidation
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TABLE 1. Pre-Oxidation Results of Fe Amendment to the GAC?

reactor initial® [Feaq (g/L) final [Felgac® (mg/kg) final? [Felao (mg/L) fraction® retained (%)

A 0 (background) 1020 (980—1070) 2

B 1.1 4270 (3930—4620) 29 97
C 2.2 6710 (6650—6770) 44 98
D 3.3 9640 (9360—9910) 56 98
E 4.4 12 630 (12 320—12 940) 97 98
F 5.5 15 760 (15 390—16 130) 270 95
G 6.6 16 900 (16 440—17 360 730 89
H 8.2 18 520 (18 470—18 570) 1590 81
I 12.3 23500 (22 020—24 980) 3900 68
J 16.5 25 660 (25 530—25 790) 5700 65

2 Background [Fe] = 1020 mg/kg, [Mnlgac = 9 mg/kg (n = 3); 95% confidence interval (C.I.) (mg/kg) 9—10 mg/kg. ® 15 mL of aqueous Fe solution
(pH 2.5) applied to 5 g of GAC. °©95% C.I. in parenthesis (n = 3). ¢ Post Fe-amendment solution (pH 3) (before decanting step). ¢ Mass fraction of
Fe retained after treatment ((Initial [Felao — Final [Felao)/Initial[Felaq) x 100.

was carried out by amending H,O, to the GAC in 3 sequential
applications (1.91 mL of 30% H,0, per application; [H,O5]
= 15.9 g/L). This approach reduced spikes in H,O, concen-
tration and *OH scavenging by H,0,. Reactors were placed
on an orbital shaking table (100 rpm) only during the reaction
of H,0,. During oxidation, the pH was held constant (pH
3.0). Control reactors (n = 4) were used to differentiate
between H,0, reaction with aqueous Fe versus GAC-bound
Fe. GAC-free control reactors contained 45 mg/L Fe (40 mL
volume) (pH 3) and were amended with 1.91 mL of 30%
H,0,. Volatile emissions of MTBE were vented via flow-
through GAC traps mounted on the reactors. The GAC was
extracted and analyzed, and MTBE losses from the test
reactors were negligible (data not shown).

Time-dependent H,O, concentrations were measured (n
= 3) in 4 of the 10 test reactors to quantify the H,O,
degradation rate. Upon complete reaction of H,O,, post-
oxidation samples of the aqueous solution in the reactors
were analyzed for total Fe (Fer) (n = 2), pH, MTBE (n = 2),
and degradation byproducts (n = 2). Post-oxidation GAC
samples were extracted and analyzed for MTBE, TBA, and
acetone (n = 2). Pre- and post-oxidation GAC samples were
dried (105 °C; 24 h) and measured in duplicate for surface
area, pore volume distribution (microporosity, meso +
macroporosity, total porosity), and metals.

Analytical. Analytical methods and materials used in the
measurement of GAC metals, GAC surface area and pore
volume, aqueous phase and GAC MTBE, imaging and
microanalysis of GAC particles (scanning electron microscopy
(SEM)/energy dispersive X-ray spectrometry (EDS)), H,O,,
iron, and pH are available in the Supporting Information
(SD.

Results

Iron Amendment to GAC. The Fe concentration on the GAC
([Felgac) ranged from background to over 25 times the
background concentration (Table 1). Iron retained was from
precipitation, ion exchange, and complexation reactions and
was inversely proportional to the initial Fe concentration in
solution applied to the GAC indicating a saturation effect.
The background manganese (Mn) concentration was low (9
mg/kg) relative to Fe (1020 mg/kg) (Table 1). In Fenton
systems, Mn catalyzes H,O, reactions, but °*OH are
not produced, thus a potential source of treatment
inefficiency. Due to the low Mn content relative to Fe,
Mn was not a significant source of process inefficiency.
Further, significant increases in the H,O, reaction rate
corresponding with Fe amendments to GAC (discussed
below) indicates H,O, reaction is predominantly attributed
to Fe and not Mn.

The post-oxidation N, BET surface area and total pore
volume of the GAC were inversely related to the mass of Fe
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FIGURE 1. Inverse correlation between the quantity of Fe added
to the GAC and the GAC surface area and pore volume. The carbon
(URV, Calgon Carbon) has a surface area of 1190 m?%/g (95% C.I.
1110—1270 m%/g) and a total pore volume of 0.59 mL/g (95% C.I.
0.52—0.66 mL/g).

amended to the GAC (Figure 1). Approximately 31 m?/g and
0.015 mL/g loss in N, BET surface area and pore volume,
respectively, were measured per 5000 mg/kg of Fe amended
to the GAC. This represents a 2—3% decline of the original
surface area (1290 m?/g) and pore volume (0.64 mL/g) of the
URV GAC. Repeated oxidative treatments of GAC with H,0,
canresultinreductions in N, BET surface area, pore volume,
and sorptive capacity (11). These effects are significantly
reduced when loaded with a target compound such as
MTBE (7).

MTBE Oxidation. The positive correlation established
between the pre-oxidation aqueous MTBE concentration and
the Fe concentration on the GAC suggests that Fe ac-
cumulation in the GAC interfered with MTBE adsorption
(Figure 2). Pore throat blockage by Fe may have limited
transport to the internal porosity and surface area of the
GAC. Despite the increase in [MTBE]aqurous with increasing
[Felgac, only minor reductions in the MTBE loading rate on
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FIGURE 2. Pre-oxidation MTBE and post-oxidation MTBE and TBA
concentrations in GAC relative to the Fe concentration on the GAC.

TABLE 2. Post-Sorption and Post-Oxidation MTBE
Concentrations in the GAC ([MTBE]gac) (Initial Conditions:
0.12 L, 1.88 mg/L MTBE, 5 g GAC)

post-sorption

(pre-oxidation) post-oxidation removal of

initial [MTBE]gac final [MTBE]gac MTBE from

reactor (mg/kg)? (mg/kg) GAC (%)?
A 41.3 40.6 2
B 41.2 38.1 8
C 41.1 29.3 29
D 40.9 31.0 24
E 40.9 33.2 19
F 40.9 31.7 23
G 41.0 29.6 28
H 40.7 33.9 17
| 40.9 31.6 23
J 41.0 315 23

2Sampling losses were accounted for in the initial [MTBE]gac-
b Average percentremoval = 100 x (Initial [IMTBE]gac — Final IMTBE]gac)/
(Initial [MTBElgac) (n = 2).

Fe-amended GAC (IMTBE]gac) were measured (<1% reduc-
tion in loading) (Table 2).

Post-oxidation aqueous analysis indicated a declining
trend in the MTBE concentration and an increase in TBA, a
reaction byproduct from MTBE oxidation (Figure 2). No
acetone was measured in solution. High concentrations of
acetone and TBA measured in the methanol solvent blank
prevented an accurate measure of acetone and TBA extracted
from the GAC. Negligible accumulation of these reaction
products was measured on identical GAC under similar
conditions involving Fenton oxidation of activated carbon (7).

Oxidation of MTBE increased by an order of magnitude
over background from the amendment of Fe (Table 2). The
optimal Fe loading was approximately 6710 mg/kg Fe (reactor
C, 5690 mg/kg amended Fe) where the highest MTBE removal
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was measured, relative to background (reactor A, Fe-
unamended GAC), and where the highest Fe loading oxidation
efficiency (MTBE oxidized (ug)/Fe loaded to GAC (mg/kg))
was measured (Figure 3). The treatment objective was to
add sufficient H,O, to ensure a moderate level of MTBE
oxidation and to provide results which could distinguish
between GAC regeneration attributed to different levels of
Fe. More applications of H,0, could have accomplished a
greater level of MTBE oxidation and GAC regeneration, but
was not a treatment objective.

H>0, Reaction. H,O, reaction was pseudo-first order,
similar to other heterogeneous systems (4, 12—13), and a
positive relationship was established between the pseudo-
first-order H,O, reaction rate constant (kr) and [Fe]gac (Figure
4, eqs 1 and 2). A nonlinear relationship between Fe content
and H,O; reaction (i.e., saturation effect) was observed
between 6710 mg/kg total Fe (5690 mg/kg amended Fe) and
15 760 mg/kg (14 740 mg/kg amended Fe), indicating that
H,0, reaction was not entirely Fe limited and that other
mechanisms limited H,O, reaction.

H,0; reaction occurs with both Fe in the aqueous phase
(soluble + suspended particulate) and GAC-bound Fe (eq 1).
Substituting kr into eq 1 and integrating yields a form of the
equation that can be used to evaluate kr (eqs 2—4). The H,0,
reaction rate constants (Figure 4) calculated from semilog
plots (not shown) of H,O, concentration versus time represent
the combined pseudo first-order reaction rate constant (kr).

—dC/dt = kyoC + kgacC )
kr = kpg + Koac ®)
—dC/dt = k;C 3)

Ln C(#) =Ln G, — k; )

where kaq = pseudo first-order H,O, reaction rate constant
involving aqueous Fe (hr™1), kgac = pseudo first-order H,O,
reaction rate constant involving GAC-bound Fe (hr™), kr =
pseudo first-order (combined) H,O, reaction rate constant
(hr™1), G, = initial H,O, concentration in solution (mg/L),
C(t) = time-dependent H,0, concentration in solution (mg/
L), and ¢ = time (hr) (t = t5; C = Cy).

The post-oxidation aqueous Fe concentrations in reactors
A (2.9mg/L), C (10.3mg/L), F (27.1 mg/L), and J (44.8 mg/L)
were low and accounted for 2—3% of the total Fe in each
reactor. Reactor J exhibited the highest aqueous Fe con-
centration (44.8 mg/L) and thus represented the greatest
potential for aqueous Fe reaction with H,O,. Replicate control
reactors without GAC were prepared to simulate and measure
H,0, degradation in reactor J (45 mg/L Fe; pH 3; 1.91 mL of
30% H,0, 40 mL solution) and to assess the relative
contributions of aqueous and GAC-bound Fe in the H,0,
reaction. The pseudo first-order H,O, degradation rate
constant in these control reactors (i.e., kag) was 0.13 h™! (n
=4). Using eq 2, kag, and kr for reactorJ (11.4 h™'), kgac was
determined to be 11.27 h™'. Results indicate aqueous Fe
contributed only 1% to the combined H,O, degradation rate
constant. Since aqueous Fe in other test reactors accounted
for approximately the same fraction of total Fe (i.e., 2—3%),
the contribution of aqueous Fe to H,O, reaction was
concluded to be negligible in all reactors. Fenton-dependent
H,0, consumption was dominated by reaction with GAC-
bound Fe in all cases and the majority of H,O, consumption
occurred within the porous structure of the GAC. This is a
favorable outcome since H,O, and *OH reaction occurred
at or near the carbon surface. Under this condition, sorbed
MTBE and high soluble concentrations of MTBE near the
GAC surface have a greater probability of reacting with *OH.
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Scanning Flectron Microscopy (SEM)/Energy Dispersive
X-ray Spectrometry (SEM/EDS). Analysis of Fe-amended
GAC particles by SEM/EDS provided quantitative information
on Fe distribution in the GAC. Post-oxidation analysis of
GAC particles by SEM/EDS indicated an increase in the

90

80 1 —O—1Iron

— =O—Carbon
X 70 1

: —&—Oxygen
ey

> —O—Sulfur
2 60 -

C

Ke]

‘@ 50 -

Q

S

3

— 40 4

[

Q

=

_aC) 30

O

Q

§

b 20 A

10 A

0 - T T T T T
0 5000 10000 15000 20000 25000

[Feleac (Mgrkg)

FIGURE 5. Atomic chemical composition weight in Fe-amended
GAC (see Table 1, reactors A, C, F, J) measured by SEM/EDS (20 keV
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surface atomic chemical composition weight of Fe, O, and
S and a simultaneous decline in C (Figure 5).

The electron range in EDS measurements is the distance
traveled by the incident (beam) electrons within the specimen
being analyzed (14). The Kanaya—Okayama electron range
(Rxo) (eq 5) is equivalent to the radius of a circle centered
on the surface at the beam impact point of the specimen
whose circumference encompasses the limiting envelope of
the interaction volume (I4). Rko provides a numerical
estimate of the depth dimension in the interaction volume.

Ryo = 0.0276 A E,M%71 2% p (5)

where A = atomic weight (carbon = 12.01 g/mol), Eo =
incident beam energy (keV), Z = atomic number (carbon =
6), and p = density (graphite carbon = 2.25 g/cm?).

Rxo was 0.4, 1.4, 4.5, and 8.8 um at 5, 10, 20, and 30 keV,
respectively, for graphitic carbon. The interrogation depth
of the beam electron was approximately 18 um (i.e., 2 x 8.8
um). The acceleration voltage was varied over a similar range
(5—30 keV) for Fe-amended GAC (reactor F; [Fe] = 16 500
mg/kg). The inverse relationship between the Fe and C
chemical composition suggests that the Fe amended to the
GAC was immobilized within a short transport distance (18
um) within the GAC particle (Figure 6). Since the chemical
composition weight is a depth averaged measurement, the
Fe levels are estimated to be at or near the background level
(0.41%) at the 18 um penetration depth in the GAC. Neither
C nor Fe varied in surface atomic composition weight in
Fe-unamended GAC over the range of acceleration voltage
tested (5—30 keV).

Discussion

Fe Loading. Fe amendment to GAC is required to enhance
MTBE oxidation. Low Fe loading could result in lower MTBE
oxidation efficiency, and higher post-regeneration concen-
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trations of MTBE. Here, Fe loading at any level resulted
in loss of surface area and pore volume and therefore,
must be optimally balanced to minimize undesirable effects.
In a previous study involving similar GAC and Fe amend-
ment procedures, selective chemical extraction of the Fe-
amended GAC indicated that the freshly added Fe was
predominantly amorphous Fe (11). Colloidal amor-
phous Fe has limiting diameters between 2 and 8 nm
(15) suggesting that even the smallest Fe particles are
large enough to block micropores in GAC with diameters
typically <2 nm. Reduction in the surface area and
iodine number (i.e., a general indicator of microporosity) in
lignite-based GAC was attributed to Fe amendment
and the accumulation of Fe oxides in pore throats of
micropores (16). Overall, the optimal total Fe concentration
was approximately 6710 mg/kg (1020 mg/kg background Fe,
and 5690 mg/kg amended Fe) (Figure 3) and MTBE removal
at Fe concentrations above 5690 mg/kg was greater than
MTBE removal in the unamended control (background), but
was not optimal.

MTBE Oxidation. Competition kinetics between *OH
and two probable reactants in the aqueous phase, MTBE
and H,0,, was analyzed to assess the relative reaction and
oxidation efficiency. The MTBE reaction rate constant
is 60 times greater than H,O, (reactions 1 and 2); however,
very high concentrations of H,O, (159 g/L; 0.44 M)
were present in the GAC slurry relative to MTBE (7—13 ug/L;
7.9 x 1075to 1.5 x 10~*mmol) (Table 2). Here, it was assumed
that [*'OH] was the same in the two reaction rate equations
(eqs 6 and 7) since the reactants were present
in a common reactor. The relative rate of reaction (Rg)
(eq 8) indicates that *OH reacts more rapidly with H,O; (i.e.,
Rr = 50 000) than with MTBE. Even at lower H,O, concen-
tration (150 mg/L), Rg is 500, indicating that HO,
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scavenging of *OH over a wide concentration range is
dominant relative to the reaction between *OH and MTBE.

‘OH + MTBE — products
k=16 x10°M"'s7' (9 (xn 1)

‘OH + H,0, — products
k,=27x10"M 's™" (9 (rxn 2)

—d[MTBE]/dt = k, [MTBE] ['OH] (6)

—d[H,0,]/dt = k, [H,0,] 'OH] @)

Relative rate of reaction (Ry) =
(d[H,0,]/d5)/(d[MTBE]/df)= k,[H,0,)]
['OH]/k, IMTBE] ['OH] ~ 50,000 (8)

This simplified kinetic analysis does not account for high
MTBE concentrations and reaction in the aqueous phase
that may occur near the carbon surface (i.e., thin film), or
*OH oxidation of sorbed MTBE.

The overall oxidation efficiency (1) (eq 9) is the product
of efficiencies associated with (1) the ratio of Fenton-
dependent *OH formation to the total H,O, consumed in
Fenton and non-Fenton reactions (E;), and (2) the ratio of
MTBE transformed by *OH to the total *OH consumed in all
reactions (E») (13).

n =E, x E, x 100 9)

A decline in E; and E; results from nonproductive H,O,
reactions that do not produce *OH, and *OH scavenging
reactions, respectively. Raising the Fe content of the GAC
increased MTBE oxidation (Table 2), the H,O, reaction rate
constant and correspondingly, reduced nonproductive reac-
tions and E,. E; is the probable primary source of oxidation
inefficiency because *OH scavenging resulted from using high
concentrations of H,O, and from the oxidation of reaction
byproducts including TBA and acetone.

The optimal H2O, concentration in heterogeneous treat-
ment systems involving Fe(II) is dependent on various factors
including the contaminant sorption characteristics (i.e.,
octanol water partition coefficient), scavenging by soil and
dissolved constituents (I17), soil organic carbon content, pH,
the rate of reaction between contaminant and *OH (18),
mineral type, and surface area (19). Additionally, high H,0,
concentrations promote propagation reactions that form
transient reactive oxygen species other than *OH that aid in
the destruction of organic contaminants (18). Consequently,
these factors, and probably others, play a role in the optimal
H,0, concentration in GAC regeneration for each set of
chemical and physical conditions encountered. The initial
H,0, concentration in our study was held constant (15.9
g/L) under all testing conditions and H»O. concentration
was not independently investigated.

H>0, Reaction. The kinetic analysis of H,O, reaction
developed in this study successfully differentiated between
the aqueous- and solid-phase reactions. Through this
analysis, it is clear that H,O, reaction occurs predominantly
within the GAC and not in solution. The nonlinear relation-
ship between the Fe content in GAC and the H,0, reaction
rate constant (Figure 4) indicated that H,O, reaction was not
entirely Fe limited at higher Fe concentration and other
mechanisms played a role in limiting H,O, reaction. Fe
blockage of H,O, transport, unavailable Fe, and the effect of
fast H,O, reaction rates on H,O, diffusive transport are
proposed mechanisms. The post-oxidation total pore volume
(0.593 mL/g) (Figure 1) of the Fe-unamended GAC (i.e.,



reactor A) is comprised mainly of micropore volume (0.405
mL/g) and to alesser extent, mesopore + macropore volume
(0.188 mL/g). Fe precipitation and deposition (i.e., amor-
phous ferrihydrite) resulted in the accumulation of colloidal
Fe within the porous structure of the GAC and, consequently,
areduction in pore volume and surface area. The high H,O,
reaction rate in conjunction with pore blockage by Fe may
have limited the diffusive transport of H,O, and penetration
into the GAC. Collectively, these mechanisms would limit
contact between H,0,, GAC surface area, Fe, and the
adsorbate. Reductions in the surface area and pore volume
of the GAC (Figure 1), MTBE adsorption (Figure 2), and in
Fe loading oxidation efficiency from high Fe loading (Figure
3), are consistent with a conceptual model of nonuniform
distribution of Fe, pore blockage, and greater tortuosity in
H,0, diffusive transport through the narrow, Fe-rich interval
on the periphery of the GAC.

SEM/EDS. Acidic treatment of GAC during Fe-amendment
and oxidative treatments during Fenton regeneration can
promote substantial alterations to activated carbon surface
functionality (20). For example, treatment of coal-based GAC
caused a significant increase in acidic surface oxides using
nitric acid (>600%) (20) and H,O, (150%) (11). Acidic
functional groups formed from acidic and/or oxidative
treatment at the edges of the graphene planes exhibit high
oxygen content and impart cation exchange capacity to the
GAC aiding in the immobilization of Fe. The increase in
oxygen composition measured in the GAC (Figure 5) is also
attributed to the oxygen content in Fe oxides and sulfate
immobilized within the GAC. The majority of the sulfate anion
from FeSO,4-7H,0 amended to the GAC was eliminated during
the pretreatment rinsing step and low quantities of sulfate
were retained (Figure 5).

The range in diameter of GAC particles (8 x 30) used in
this study is approximately 600—2400 xum. Assuming a
spherical shape of GAC, the 18—20 um penetration depth of
Fe into the GAC particles accounts for 4—19% of the volume.
Loss of surface area, pore volume (Figure 1), and MTBE
sorption capacity (Figure 2) measured in the GAC are likely
attributed to the abundance of Fe immobilized within the
narrow interval. Given the limited penetration of Fe into the
GAC, data suggest the majority of MTBE did not reside in the
Fe-rich zone of the GAC, and the majority of H,O, and *OH
reacted within the narrow, Fe-rich interval on the periphery
of the GAC particle. Under this condition, MTBE oxidation
requires that MTBE desorb from the GAC interior and diffuse
to the exterior of the GAC particle where Fe is abundant and
the majority of H,O, reaction occurs. Low concentrations of
MTBE in the Fe-rich zone results in a steep, outward
concentration gradient resulting in mass transfer and
transport of MTBE from the GAC interior to the exterior of
the GAC particle. This conceptual model is consistent with
De La Casas et al. (2I) who reported that the rates of
contaminant desorption and oxidation were similar in GAC
and that Fenton-driven regeneration of GAC is limited by
intra-particle mass transport (diffusion) of the target com-
pound and not by reaction rate.

Other. The optimal [Fe]gac observed for MTBE oxidation
in URV GAC in this study may not be optimal for other
contaminant/GAC combinations. For example, other types
of activated carbon exhibit variability in porous structure
and surface chemistry. Attachment and distribution of Fe in
other carbon may vary accordingly. The form of Fe used in
Fenton oxidation may also influence the rate of H,O, reaction,
*OH production, and contaminant oxidation (22) but was
not investigated in this study.
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